Introduction
============

In the chemotherapeutics of tumors, some of inevitable drawbacks, such as poor selectivity and high cost of anticancer drugs, great suffering or side effects to patients, multidrug resistance and cancer reoccurrence, remain challenging to date [@B1]. To overcome these problems, many physical treatment protocols, have been developed to effectively and safely eradicating tumors [@B2]-[@B11], and ultrasound treatment is the typical one, because ultrasound can provide much larger penetration depth to treat deep-seated tumors. Additionally, it also possesses some other inspiring merits, *e.g.*, noninvasive and local treatment, independence of the types of tumors and universality. Therefore, ultrasound treatment is especially applicable for those deadly tumors, such as panc-1 pancreatic solid tumor of high lethality and invasiveness.

At present, the common ultrasound treatment is high intensity focused ultrasound (HIFU) [@B12], nevertheless high power density (generally above 10^5^ W/cm^2^) in HIFU treatment usually results in the burns of normal organs or tissues along the acoustic channels [@B2]-[@B4]. Therefore, it is expected that easily accessible low-intensity ultrasound (LIU, power density: below 2 W/cm^2^) that is commonly used in clinical sonophoresis of drug [@B13], will be a promising treatment method applicable for those high lethal cancers, *e.g.,* panc-1 pancreatic cancer, especially under the assistance of artificial cavitation nuclei [@B14]. When employing inertial cavitation to promote cancer ultrasound treatment, two crucial problems should be addressed. One is how to induce bubbles, which is also the precondition for the successful ultrasound treatment. Fortunately, multiple localized and exogenous triggers (light, electricity, magnetic field and ultrasound ) and endogenous triggers (pH and enzyme) have been well designed to control releases of drug, gene or other molecules [@B15]-[@B19], which can provide experiences for designing smart artificial cavitation nuclei. The other problem is how to induce the explosion (inertial cavitation) of the bubbles, which is extremely pivotal especially for those water-soluble free gas bubbles, *e.g.*, CO~2~ bubbles, because such water-soluble free bubbles would rapidly vanish in blood circulation without excitation [@B14],[@B20].

Herein, a novel dual-responsive CO~2~ release system consisting of hollow mesoporous silica nanoparticles (HMSNs) carrier and L-arginine (LA) capable of adsorbing and producing CO~2~ bubbles in response to pH and/or temperature has been engineered. The design concept of such a responsive CO~2~ release system was primarily originated from the reversible adsorption/desorption reaction of CO~2~ by LA molecules that is sensitive to pH value and/or temperature variations. A very low intensity ultrasound (1.0 W/cm^2^) was used as trigger to safely and locally generate hyperpyrexia and shock waves to trigger generation and instant explosion of CO~2~ bubbles, respectively. Especially, a highly lethal and rare-reported tumor cancer, panc-1 human pancreatic, was employed as the tumor model.

As a concept of proof, a large amount of CO~2~bubbles have been demonstrated to burst from the CO~2~ release system, which instantly explode to induce the necrosis of tumor cells *via* occluding the blood supply, and consequently inhibit the growth of panc-1 pancreatic solid tumor both *in vitro* and *in vivo* under the stimulations of two local triggers, *i.e.,*acidic environment around tumor (endogenous trigger) and ultrasound irradiation (exogenous trigger). More importantly, absences of acidity and therapeutic ultrasound irradiations in normal organs as well as the rapid dissolution property of CO~2~ bubbles can avoid damages to normal organs or tissues [@B20]. On the contrary, in tumor region, the applied ultrasound irradiation can not only induce generation of CO~2~ bubbles, but also timely trigger explosion (inertial cavitation) of CO~2~ bubbles before their dissolution. Assuredly, such a CO~2~ bubbling-based \'nanobomb\' system is highly promising for the extensive applications in the targeting therapies of many tumors without arousing agony of patients due to its locally responsive explosion and independence of the types of tumors.

Materials and Methods
=====================

*In vivo*ultrasound imaging
---------------------------

All animal experiments in this manuscript were performed according to protocols approved by the Laboratory Animal Center of Shanghai Tenth Peoples\' Hospital and were in accordance with the policies of National Ministry of Health. Herein, VX-2 tumor-bearing New Zealand rabbit as models to investigate the lifetime of CO~2~ bubbles without US irradiation and ultrasound-triggered *in vivo* explosion of CO~2~ bubbles, and CO~2~ bubble dispersion was obtained from receiving upper solution of Video S4. When investigating the lifetime of CO~2~ bubbles, after intratumorally injecting CO~2~ bubbles, at different timing points, ultrasonic images were captured. When investigating ultrasound-triggered*in vivo* explosion of CO~2~ bubbles, before and after therapeutic ultrasound irradiation, diagnostic ultrasonic images were captured, and after injecting CO~2~ bubbles, therapeutic ultrasound irradiation was instantly enforced. The *in vivo*ultrasound imaging was performed on Philips IU22.

In experiments of employing HMSN-LA-CO~2~ for inhibiting the growth of panc-1 xenograft solid tumor, before and after intravenous injection of HMSN-LA-CO~2~(0.1 ml, dose: 10 mg/ml HMSN) and subsequent therapeutic ultrasound irradiations, diagnostic ultrasound imaging for tumor was performed, and images were recorded by Philips IU22. The therapeutic ultrasound irradiations were conducted on a portable ultrasound therapeutic apparatus (Chattanooga, USA) with 1 MHz transducer of 1 cm in diameter under 1.0 W/cm^2^-20%, and all. In order to observe CO~2~ bubbles in vivo in tumor, 808 nm laser (1.2 W/cm^2^, 30 s) was employed to heat HMSN-LA-CO2 and BFI and CHI modes were employed, and GE LogiQ E9 system with a 8 MHz transducer was employed.

Inhibitory capability of HMSN-LA-CO~2~ for the growth of panc-1 xenograft solid tumor on nude mice model
--------------------------------------------------------------------------------------------------------

Panc-1 pancreatic solid tumor-bearing nude mice (36 in sum, and averaged into 6 groups corresponding to Control, US, HMSN-LA, US+LA-CO~2~, HMSN-LA-CO~2~and US+HMSN-LA-CO~2~), weighing 18-22 g were supplied by Laboratory Animals Center of Shanghai Tenth Peoples\' Hospital, China. All the samples (HMSN dose: 50 mg/Kg, HMSN-LA dose: 62.5 mg/Kg) with the same particle concentration were injected *via* tail vein. After perfusion, the tumor tissues were radiated for 12 cycles of irradiations per day on portable ultrasound therapeutic apparatus (Chattanooga, USA), and the parameter of each cycle is 1.0 MHz-1.0 W/cm^2^- 20 %-122 KPa for 15 s with a 60 s interval of each cycle. Between tumors and therapeutic US transducer, the sound-absorbing panel with a hole whose diameter corresponds to tumor size was added. Such irradiations were carried out every day, and photographing of tumors and tumor volume measurements were also implemented every day. At the 18^th^ day, the nude mice were executed, and tumor and other organs (heart, liver, spleen, lung and kidney) of each nude mouse were isolated for staining with hematoxylin and eosin (H&E) and CD34 immumohistochemical for histopathological analysis by optical microscope, and additionally, the tumors are stained by tunnel immunofluorescence staining for detecting the apoptosis cells and western blot analysis of related protein was simultaneously carried out. Additionally, normal organs were also stained by hematoxylin and eosin (H&E) and CD34 immumohistochemical for histopathological analysis by optical microscope.

ICP quantifying the distributions of HMSN-LA-CO~2~ in different organs
----------------------------------------------------------------------

Panc-1 pancreatic solid tumor-bearing nude mice (36 in sum, and averaged into 6 groups), weighing 18-22 g were supplied by Laboratory Animals Center of Tenth Peoples\' Hospital of Tongji University. The experiment was approved ethically and scientifically by Tongji University, and complied with Practice for Laboratory Animals in China. All the samples (HMSN dose: 50 mg/Kg, HMSN-LA dose: 62.5 mg/Kg) were injected *via* tail vein. After intravenously injecting HMSN-LA-CO~2~, the 1^st^ and 2^nd^ groups were regarded as control without US irradiation; the 3^rd^ and 4^th^ groups experienced with US-1 irradiation and the 5^th^ and 6^th^ groups experienced US-2 irradiation. At 4 h later, the nude mice in the 1^st^, 3^rd^ and 5^th^ groups were executed, and tumor were taken out and dissolved for ICP measurement. At 12 h later, the nude mice in other groups (2^nd^, 4^th^ and 6^th^) were executed, and tumor were taken out and dissolved for ICP measurement. US-1: before injecting HMSN-LA-CO~2~, the nude mice was radiated by ultrasound, and the irradiation method is pulsed (irradiation time is 15 s, the interval is 60 s and the cycle is 6). US-2: repeated US-1 before injecting HMSN-LA-CO~2~ and at the beginning of each hour after injecting HMSN-LA-CO~2~, and the number of repetition round is 4.

As for evaluation on bio-distribution of Si elements without ultrasound irradiation to determine when to start ultrasound irradiation, after intravenously injecting HMSN-LA-CO~2~, at different certain timing points, the nude mice were executed, and tumor and other normal organs were taken out and dissolved for ICP measurement.

Results and Discussion
======================

Design and construction of dual-responsive CO~2~ release system (HMSN-LA-CO~2~)
-------------------------------------------------------------------------------

Owing to high surface area and excellent biocompatibility [@B21], HMSNs have been widely reported as drug carriers in the biomedicine field [@B22]-[@B24]. The well-defined HMSNs with a particle size of around 300 nm (Figure [S1](#SM1){ref-type="supplementary-material"}g~1~,g~2~ and Figure [1](#F1){ref-type="fig"}a,b) were fabricated *via* well-regulating the dynamic competition process between etching and re-growth (CPER) [@B25], and employed as carriers to construct such a dual-responsive CO~2~release system. Noticeably, such a method can also be extended to fabricate many other nanostructures (Figure [S1](#SM1){ref-type="supplementary-material"}).

Figure [2](#F2){ref-type="fig"} shows the whole design concept and synthetic route of such a CO~2~ bubbling-based \'nanobomb\' system. Substantial amount of LA molecules are firstly loaded within HMSNs carriers *via* hydrogen bonding (between Si-OH and -NH~2~) and electrostatic interaction, which is proved by comparing zeta potentials and size distribution between HMSN and HMSN-LA (Figure [1](#F1){ref-type="fig"}g and Figure [S2](#SM1){ref-type="supplementary-material"}). Reductions in surface area and pore diameter (Figure [1](#F1){ref-type="fig"}c,d) and emergence of characteristic peaks (Figure [1](#F1){ref-type="fig"}f) of LA at 1505 cm^-1^, 1670 cm^-1^ and 1454 cm^-1^after loading LA molecules demonstrate the successful loading of LA [@B26], and the loading amount is *cal.* 20% *via* TG analysis (Figure [1](#F1){ref-type="fig"}e). More importantly, no evident agglomeration is observed in Figure [S3](#SM1){ref-type="supplementary-material"}, indicative of excellent stability of HMSN-LA in both SBF and serum.

Since each LA molecule contains one guanidino group that is consisted of one primary amine group and two secondary amine groups, the guanidino group (pKa: 12.48) is the strongest basic group beneficial for chemically adsorbing acidic CO~2~ gaseous molecules [@B27],[@B28], determining that LA can be regarded as one of the best candidates capable of adsorbing CO~2~. As indicated in Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}D, two products including unstable carbamate and metastable bicarbonate can be generated after reaction between LA and CO~2~, yielding HMSN-LA-CO~2~ [@B29]-[@B31]. In FTIR spectra (Figure [1](#F1){ref-type="fig"}f), a new characteristic peak at 2978 cm^-1^ (N^+^-H stretching vibration) of HMSN-LA-CO~2~ suggests the successful CO~2~ chemical adsorption. Additionally, the successive increase of Zeta potential from HMSN to HMSN-LA, and finally to HMSN-LA-CO~2~ also confirms the successful adsorption of CO~2~ (Figure [1](#F1){ref-type="fig"}g) [@B32]. Noticeably, the accumulative release amount of LA molecules from HMSN-LA-CO~2~ dispersed in SBF solution is still less than 20 % even at pH=4.5 (Figure [S4](#SM1){ref-type="supplementary-material"}), demonstrating the excellent stability of HMSN-LA-CO~2~.

pH/temperature dual-responsive release behavior of CO~2~ from HMSN-LA-CO~2~
---------------------------------------------------------------------------

Owing to the reversible and exothermic process of CO~2~ adsorption [@B14],[@B30], HMSN-LA-CO~2~will rapidly generate CO~2~ bubbles upon raising temperature. Meanwhile, owing to the deprotonation (H^+^ production) of primary or secondary amine groups in LA during CO~2~ adsorption [@B31], the reverse reaction (CO~2~ desorption) will take place when decreasing pH value (adding exogenous H^+^) according to Le Chatelier\'s principle, which will also facilitate HMSN-LA-CO~2~ to generate CO~2~ bubbles. Gas chromatograph mass spectrometer (GC-MS) was herein employed to monitor CO~2~ release by changing pH value and temperature. A more evident characteristic peak at 3.72 mV corresponding to CO~2~ in comparison to air control convincingly indicates lots of CO~2~ release from HMSN-LA-CO~2~(Figure [1](#F1){ref-type="fig"}h). The CO~2~ release profile (Figure [S5](#SM1){ref-type="supplementary-material"}a~1~), demonstrates HMSN-LA-CO~2~ indeed possesses a pH-responsive release behavior at 37 °C, wherein higher release rate is obtained at lower pH values, and *vice versa*. Similar results can also be obtained at 50 °C or 70 °C (Figure [S5](#SM1){ref-type="supplementary-material"}a~2~,a~3~). Additionally, a temperature-responsive release behavior can be clearly observed *via* tuning temperature at either pH = 7.4 or 4.7 or 6.0 (Figure [S5](#SM1){ref-type="supplementary-material"}b~1~-b~3~). It is worth noting that the *in vitro* CO~2~ release rate in GC-MS measurement is conducted using N~2~ as carrier gas in an unsealed gas circuit. To investigate the release behavior of CO~2~ from HMSN-LA-CO~2~ in blood vessels, a mimic experiment was conducted in fresh blood without any carrier gas and , it is found that CO~2~ release rate was slowed down owing to the blood pressure and protein encapsulation (Figure [S6](#SM1){ref-type="supplementary-material"}).

Furthermore, ultrasound imaging technology consisting of B fundamental imaging (BFI) and contrast harmonic imaging (CHI) modes was employed to directly monitor both the pH and temperature-dependent CO~2~ release behaviors. It can be clearly found that when the temperature is raised above 50 °C or the pH value is lowered to 4.7, the domains of interest circled by the elliptical dotted line (Figure [3](#F3){ref-type="fig"}a~2~,b~2~) become much brighter than that under normal temperature and pH value (*i.e.*, 37 °C, 7.4) (Figure [3](#F3){ref-type="fig"}a~1~,b~1~), confirming the pH/temperature dual-responsive behaviors of HMSN-LA-CO~2~. More convincingly, videos S1, S2 and S3 visually demonstrate pH- or temperature-responsive emergence of CO~2~ bubbles, wherein no visible CO~2~ bubbles occur at normal temperature and/or pH value (video S1), while CO~2~ bubbles will be continuously generated once the temperature increases (video S2) or pH value is lowered (video S3). In *in vivo* level, since laser as heat source is disabled to generate mechanical waves for triggering bubbles\' explosion, 808 nm laser was employed instead of ultrasound irradiations to trigger *in vivo* production of CO~2~ bubbles from HMSN-LA-CO~2~. Brighter contrast under both B fundamental imaging (BFI) and contrast harmonic imaging (CHI) modes upon heating the tumor by 808 laser is clearly observed (Figure [S7](#SM1){ref-type="supplementary-material"}), directly demonstrating *in vivo* temperature-dependent CO~2~ release from HMSN-LA-CO~2~. Such a temperature-dependent CO~2~ release behavior can also be demonstrated *via* optical microscopic imaging (Figure [S8](#SM1){ref-type="supplementary-material"}), wherein CO~2~ bubbles immediately emerge from HMSN-LA-CO~2~ dispersion in degassed PBS when the temperature was raised to 50 °C, but HMSN-LA dispersion, it failed at either room temperature or 50 °C. Additionally, more CO~2~ bubbles from HMSN-LA-CO~2~ dispersion in degassed PBS than that from HMSN-LA dispersion in CO~2~-supersaturated PBS (Figure [S8](#SM1){ref-type="supplementary-material"} and Figure [S9](#SM1){ref-type="supplementary-material"}) indicates HMSN-LA-CO~2~ can serve as CO~2~ source. Besides aforementioned direct heating to generate CO~2~ bubbles, ultrasound-mediated hyperthermia could also directly promote CO~2~ release from HMSN-LA-CO~2~ (Figure [S10](#SM1){ref-type="supplementary-material"}).

As for the local ultrasound-triggered explosion of CO~2~ bubbles, it can be clearly observed that the CO~2~ bubbles will instantly explode once the produced CO~2~ bubbles were exposed to local ultrasound irradiation (Figure [3](#F3){ref-type="fig"}c,d and video S4). Besides direct observations, the quantitative inertial cavitation dose (ICD), which is usually employed to reflect the degree of inertial cavitation, can be obtained *via* a specific instrument (Figure [3](#F3){ref-type="fig"}e). It is clear that higher ICD values can be obtained after raising temperature (45 °C) or/and reducing pH value (6.0) under the excitation of 1 MHz ultrasound (Figure [3](#F3){ref-type="fig"}f), which can be attributed to the fact that HMSN-LA-CO~2~ could produce more CO~2~ bubbles, and thus generate more violent explosion under higher temperature and more acidic condition. In *in vivo* evaluations, without therapeutic ultrasound irradiation, CO~2~ bubbles will be gradually dissolved within 5 min in VX2 tumor implanted in New Zealand rabbit (Figure [S11](#SM1){ref-type="supplementary-material"}), while explosion of CO~2~ bubbles immediately occur once ultrasound irradiation was applied (Figure [S12](#SM1){ref-type="supplementary-material"}), which sufficiently suggests that ultrasound-triggered explosion before dissolution of CO~2~ bubbles is essential for cancer treatment.

*In vitro*cavitation effect of CO~2~bubbling-based \'nanobomb\' system
----------------------------------------------------------------------

In order to convincingly evaluate the inertial cavitation of HMSN-LA-CO~2~ triggered by therapeutic ultrasound in physically killing panc-1 cells, it is necessary to exclude the probable apoptosis interferences from ultrasound, hyperpyrexia and acidity*via* theoretical analysis, experimental design and experiments, parameter choice, *et al*. pH reduction-induced apoptosis can be excluded *via in vitro* experimental evaluations. In Figure [4](#F4){ref-type="fig"}a,b, no evident differences between with hydroxyethylpiperazine ethanesulfonic acid (HEPES) and without HEPES were observed (Figure [4](#F4){ref-type="fig"}a) [@B33]-[@B35], and no evident apoptosis occurred within 2 h at pH=6.2 (Figure [4](#F4){ref-type="fig"}b), indicating no pH reduction-induced apoptosis within 2 h incubation after ultrasound radiation, which was also in consistent with the previous reports [@B33],[@B34].

Choosing appropriate ultrasound parameters can be employed to eliminate influences from hyperpyrexia-induced apoptosis. Herein, two groups of parameters, 0.6 W/cm^2^(power density)-50% (duty cycle) and 1.0 W/cm^2^-20% have been chosen to evaluate the treatment efficacy of CO~2~ bubbles\' explosion for panc-1 cells according to the evaluations in Figure [S13](#SM1){ref-type="supplementary-material"}a-c and Figure [S14](#SM1){ref-type="supplementary-material"} and related references [@B36],[@B37]. Furthermore, panc-1 cell line was a heat-resisting cell line and apoptosis would not occur within 1 h of hyperpyrexia treatment [@B33],[@B38],[@B39], which can theoretically exclude hyperpyrexia-induced apoptosis. More importantly, experimental results in Figure [4](#F4){ref-type="fig"}c,d confirm no hyperpyrexia-induced apoptosis.

Figure [S15](#SM1){ref-type="supplementary-material"} displays the viability of panc-1 cell lines treated with different groups *via* MTT method, wherein HMSN-LA-CO~2~indeed performs much better than HMSN-LA, especially exposure to ultrasound irradiation (US+HMSN-LA-CO~2~). However, the MTT method failed in deciding which one should be mainly responsible for the cell death, since besides CO~2~ bubbling-induced instant necrosis, a fraction of effected cells could progressively generate the programmed death (apoptosis) when they were exposed to ultrasound irradiation alone or combined with microbubbles for a long time [@B40],[@B41]. To exclude ultrasound-induced programmed apoptosis, more detailed tests including flow cytometry, SEM and confocal/optical microscopic observations were carried out immediately after ultrasound irradiations, since programmed apoptosis needed several hours after ultrasound irradiation [@B40],[@B41].

Figure [5](#F5){ref-type="fig"}a shows the *in vitro* results of flow cytometry, wherein the upper left quadrant (PI positive & annexin V negative) is neglected when evaluating necrosis, because both the common ultrasound-induced reversible sonoporation and the nanoparticle-induced reversible enhanced permeability make it difficult to differentiate dead and viable cells in this quadrant [@B42],[@B43]. The upper right region herein represents necrotic cells rather than late apoptosis [@B44], and was taken as the research emphasis when evaluating the effectiveness of CO~2~ bubbling-based \'nanobomb\' system (namely, US+HMSN-LA-CO~2~) in inducing cell necrosis [@B45]. The necrosis percentage order of these groups *via* flow cytometry: control \< HMSN-LA \< HMSN-LA-CO~2~ \< US+HMSN-LA-CO~2~, is well consistent with that *via* MTT method, demonstrating CO~2~ bubbling-based \'nanobomb\' system induced instant necrosis of panc-1 cells. Noticeably, the decrease of necrosis percentage from 81.26% (US+HMSN-LA-CO~2~) to 32.68% (HMSN-LA-CO~2~) implies the cavitation effect in US+HMSN-LA-CO~2~ and non-prevailing in HMSN-LA-CO~2~ alone. The necrosis induced by US+HMSN-LA-CO~2~ can further be confirmed *via* visual SEM imaging of panc-1 cells (Figure [5](#F5){ref-type="fig"}c), wherein instantaneous cell lysis, membrane collapse and necrotic disintegration after US+HMSN-LA-CO~2~ treatment can be found [@B41], [@B46].

Furthermore, confocal images of panc-1 cells stained by PI & calcein after treatments with different groups also visually evidence high efficacy of US+HMSN-LA-CO~2~ in inducing cell necrosis (Figure [5](#F5){ref-type="fig"}b). In detail, red dead cells stained by PI after US+HMSN-LA-CO~2~ treatment become substantially irregular and larger, indicative of collapse and disintegration of the cells, as well as the damage or breakage of DNA chains in these collapsed cells. The similar phenomenon can also be observed in optical microscopic images (Figure [S16](#SM1){ref-type="supplementary-material"}). The schematic illustration of all *in vitro* experiments is shown in Figure [5](#F5){ref-type="fig"}d.

*In vivo*inertial cavitation effect of CO~2~bubbling-based \'nanobomb\' system
------------------------------------------------------------------------------

Before *in vivo* application, bio-distribution of CO~2~ bubbling-based nanobomb (HMSN-LA-CO~2~) should be investigated. It is can be found that after 8 h, the accumulative retention of HMSN-LA-CO~2~ in tumor achieves the highest value (Figure [S17](#SM1){ref-type="supplementary-material"}), indicating 8 h is the optimum starting point of implementing US irradiation.

This novel CO~2~ bubbling-based \'nanobomb\' system was explored to inhibit *in vivo* panc-1 xenograft solid tumor. According to the photos and the volume change profiles of panc-1 tumors on tumor-bearing nude mice after treatment with different groups (Figure [6](#F6){ref-type="fig"}a,b), it is clear that US+HMSN-LA-CO~2~, as expected, performs the best in inhibiting the growth of panc-1 tumor. From the pathological examination of H&E staining (Figure [S18](#SM1){ref-type="supplementary-material"}), the characteristic features associated with necrosis, such as collapsed cytoskeleton and nucleus disintegration can be clearly observed. During the experiments, all nude mice keep healthy according to Figure [6](#F6){ref-type="fig"}c, implying that neither starvation nor diseases influenced the growth of tumor.

The mechanism of US+HMSN-LA-CO~2~ in inhibiting the growth of tumor (Figure [6](#F6){ref-type="fig"}d and Figure [2](#F2){ref-type="fig"}C) indicates that endogenous acidic environment in tumor and exogenous therapeutic ultrasound-induced local hyperpyrexia can cooperatively induce HMSN-LA-CO~2~ to initially release CO~2~ bubbles. Afterwards, the generated bubbles can enhance the EPR effect [@B47],[@B48]. The enhanced EPR effect can in turn, promote more CO~2~ \'nanobombs\' to cross the blood vessels and substantially retain in the tumor tissues, thus the CO~2~ nanobombs behave like \'Trojan horse\' to react with acidic intercellular substances to release more CO~2~ bubbles. These CO~2~ bubbles will instantly explode to destroy tumor tissues and vessels once encountering ultrasound waves, and consequently occlude the blood supply within tumor.

To confirm this mechanism, ultrasound imaging technology was employed to monitor the blood supply and the volume variation of tumor. In the color doppler ultrasound images and videos (Figure [6](#F6){ref-type="fig"}e and videos S5,6), after treatment with US+HMSN-LA-CO~2~(video S5), the blood supply has been obviously occluded compared with pre-treatment (video S6), and the tumor volume become much smaller (Figure [S19](#SM1){ref-type="supplementary-material"}), which directly demonstrates that the treatment with US+HMSN-LA-CO~2~ can destroy blood vessels within tumor and inhibit the growth of tumor. Figure [7](#F7){ref-type="fig"} clearly shows that the dual-responsive CO~2~ release system can be well taken up by panc-1 cells (Figure [7](#F7){ref-type="fig"}a) and gradually accumulates in tumor*in vivo* (Figure [7](#F7){ref-type="fig"}b) due to the smaller size than 700 nm [@B49]. Especially after exposure to ultrasound irradiation, more \'nanobomb\' can cross blood vessel *via* enhanced EPR effect induced by US irradiation and CO~2~ bubbles-mediated cavitation, and retain in tumor tissue (Figure [7](#F7){ref-type="fig"}b), wherein more US irradiations can facilitate more retention of CO~2~ bubbling-based \'nanobomb\' in tumor. More importantly, US radiation can elevate the temperature to further promote CO~2~ release from HMSN-LA-CO~2~(Figure [7](#F7){ref-type="fig"}c,d), which was beneficial for improving treatment efficacy of the CO~2~ bubbling-based \'nanobomb\' system. Noticeably, the maximum temperature during *in vivo* US irradiation can be controlled to be lower than 45 °C, which can maximally reduce *in vivo* temperature elevation-induced apoptosis of normal tissues adjacent to cancers, further improving treatment biosafety.

Furthermore, three molecular biology techniques, *e.g.*, the proapoptotic P53 protein and tunnel immunofluorescence staining both of which can identify apoptosis [@B50],[@B51], and CD34 immumohistochemical staining that can measure the density of blood vessels (necrosis) [@B52], were employed. US+HMSN-LA-CO~2~ treatment group acquired the lowest protein expression (Figure [8](#F8){ref-type="fig"}a,b) and the fewest panc-1 apoptosis (Figure [8](#F8){ref-type="fig"}e~1~-e~5~ and 8f), indicating the most excellent inhibitory capability of US+HMSN-LA-CO~2~ against tumor growth derived from mechanical injury-mediated necrosis rather than apoptosis. The vascular density treated with US+HMSN-LA-CO~2~ decreases to the lowest level among all the groups (Figure [8](#F8){ref-type="fig"}c,d), which convincingly demonstrates that the inertial cavitation deriving from US+HMSN-LA-CO~2~ could mechanically destroy the tumor vessels, similar to microbubbles [@B52],[@B53]. It is worth noting that the treatment mechanism by HMSN-LA-CO~2~ alone is majorly different from that of US+HMSN-LA-CO~2~, *i.e.*, in addition to the limited necrosis by the spontaneous explosion of a few coalesced large-sized CO~2~ bubbles [@B20], high P53 protein expression (Figure [8](#F8){ref-type="fig"}a,b) and tunnel-stained cells (Figure [8](#F8){ref-type="fig"}e~1~-e~5~and 8f) indicate the presence of apoptosis in the group of HMSN-LA-CO~2~without US irradiation, as *in vitro* cytometry data shown (Figure [5](#F5){ref-type="fig"}a). Additionally, the cytotoxicity of HMSN-LA on normal cells, *e.g.*, L929 cell line, can be neglected (Figure [S20](#SM1){ref-type="supplementary-material"}). Nevertheless, owing to more H~2~O~2~ in tumor than in other normal organs reacting with LA molecules to generate NO, the HMSN-LA group also shows a certain tumor therapeutic efficacy probably via NO-mediated apoptosis [@B54]-[@B56].

More importantly, neither CO~2~ bubbles\' explosion and CO~2~ bubbles\' explosion-enhanced EPR effect, nor acidic intercellular substance, and nor ultrasound-induced temperature elevation is available in normal tissues, thus no evident injuries are observed *via* the HE staining (Figure [S21](#SM1){ref-type="supplementary-material"}) and CD34 immumohistochemical staining images (Figure [S22](#SM1){ref-type="supplementary-material"}), further demonstrating the biosafety of this CO~2~ bubbling-based nanobomb system featured with localized treatment. In order to investigate the role of HMSNs support in this treatment process, LA-CO~2~ without HMSNs support was employed for comparison. The *in vivo* results show that LA-CO~2~ fails in inhibiting growth of panc-1 tumors with a much lower inhibitory effect than HMSN-LA-CO~2~ (Figure [S23](#SM1){ref-type="supplementary-material"}). This phenomenon can be attributed to that without protection of HMSN supports, free LA molecules could participate in normal metabolism,*i.e.*, generating NO molecules *via* catalysis by nitric oxide synthase (NOS) to modulate normal physiological activity [@B55], thus could not reach to the tumor site. Therefore it is believed that the role of HMSN support is to load and protect LA molecules from leakage and helpful to safely deliver them to the tumor tissues.

Conclusions
===========

Basing on the characteristic of reversible CO~2~ adsorption/release by L-arginine, a novel type of temperature & pH dual-responsive CO~2~ release system has been successfully constructed. Under the co-triggering of ultrasound irradiation and inherent acidic condition in tumor microenvironment, the CO~2~ release system can release CO~2~ bubbles in an on-demand manner, and explode to mechanically destroy *in vitro* panc-1 cells, and consequently induce the necrotic cell death. The *in vivo* results indicate that CO~2~ bubbles\' explosion from HMSN-LA-CO~2~ could occlude blood supply and further greatly inhibit the growth of panc-1 solid tumor when exposed to ultrasound irradiation. More importantly, this novel treatment approach is a localized physiotherapy, which is expected to greatly reduce damages to normal organs during cancer therapy, thus leading to substantially improved efficacy and safety of tumor therapy.
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![Technical route of CO~2~ nanobomb system (US+HMSN-LA-CO~2~) in inhibiting the growth of panc-1 tumor *via* explosion (inertial cavitation). (A) Schematic illustration of preparation procedure of dual-responsive CO~2~ nanobomb (HMSN-LA-CO~2~); (B) Therapeutic procedure of HMSN-LA-CO~2~, (C) Scheme of the therapeutic mechanism of CO~2~ nanobomb system, and (D) involved chemical adsorption and desorption reaction formulas of CO~2~ by HMSN-LA.](thnov05p1291g002){#F2}

![pH/temperature dual-responsive emergence and explosion of CO~2~ bubbles from HMSN-LA-CO~2~. (a) The reversible chemical adsorption equation of CO~2~ by LA; (a~1~,a~2~) Ultrasonic images of HMSN-LA-CO~2~ at 37 **ºC** (a~1~) and 50 **ºC** (a~2~) at a fixed pH = 7.4 under BFI (left) and CHI (right) modes, respectively; (b~1~, b~2~) Ultrasonic images of HMSN-LA-CO~2~ at pH=7.4 (b~1~) and 4.7 (b~2~) at a fixed temperature, 37 **ºC**under BFI (left) and CHI (right) modes, respectively. (c,d) Ultrasonic images of CO~2~ bubbles obtained from HMSN-LA-CO~2~ before (c) and after (d) local ultrasound irradiation under BFI (left) and CHI (right) modes, respectively; (e,f) Quantitative inertial cavitation dose (ICD) measurements: (e) schematic image of measuring system and (f) ICD values of different groups with 1 MHz transducer. Noting: BFI represents B fundamental imaging, and CHI represents contrast harmonic imaging.](thnov05p1291g003){#F3}

![Exclusion of influences of pH reduction and ultrasound hyperpyrexia on cell viability. (a) Cell viability of panc-1 cells after the initial treatment with HMSN-LA, HMSN-LA-CO~2~ and HMSN-LA-CO~2~+HEPES and the subsequent 1.5 h incubation at 37 °C. HEPES (50 mmol/ml) was concurrently added to maintain extracellular pH at 7.2-7.3 when adding HMSN-LA-CO~2~. (b) Time-dependent cell viability of panc-1 cells incubated at pH=6.2 (the pH value of CO~2~ saturated solution in panc-1 culture medium at 37 ºC). After different incubation periods, another 1.5 h incubation at 37 ºC was carried out. (c) Temperature variation of 1640 culture medium after pulse ultrasound irradiation (1.0W/cm^2^-20%-122 KPa), (d) Time-dependent cell viability of panc-1 cells incubated at 37 ºC and 43 ºC. After different incubation period at 43 ºC, another 1.5 h incubation at 37 ºC was carried out, and afterwards,. Noting: other parameters are that ultrasound frequency is 1 MHz, the duration time of each pulse 15 s, the interval is 60 s and the number of irradiation (cycle) is 6; and the cell viability was measured *via* MTT method.](thnov05p1291g004){#F4}

![*In vitro* evaluations of cell death by employing the constructed CO~2~ bubbling-based \'nanobomb\' system (US+HMSN-LA-CO~2~) to induce panc-1 cell necrosis. (a) Flow cytometry results of panc-1 cells treated with different groups: control, US, HMSN-LA, HMSN-LA-CO~2~ and US+HMSN-LA-CO~2~; (b) Laser confocal images of panc-1 cells treated with above six groups *via* PI & calcein double-labeling, wherein red cells (red color) were stained by PI, and viable cells (green color) were stained by calcein, and the scale bar is 60 µm; (c) SEM images of panc-1 cells after different treatments; (d) Schematics of the measurement instrument of the *in vitro* panc-1 cell experiments.](thnov05p1291g005){#F5}

![*In vivo* evaluations of the inhibition growth of panc-1 xenograft solid tumor by the CO~2~ bubbling-based \'nanobomb\' system (US+HMSN-LA-CO~2~). (a) Digital photos of panc-1 pancreatic xenograft solid tumor after treatments with different groups at 1^st^ day, 10^th^ day and 18^th^ day; (b,c) Quantitative volume variations of panc-1 pancreatic xenograft solid tumor and the body weight variations of experimental nude mice after treatments with different groups in the time course of *in vivo*experiments; (d) Technical routes of employing the constructed pH/temperature-responsive CO~2~ release system to mechanically destroy vessels around panc-1 tumor and tumor cells through intravascular, intracellular and intercellular pathways *via* CO~2~ bubbles\' cavitation effect under the triggering of ultrasound irradiation (right), in comparison with the case of no ultrasound irradiation (left), where the CO~2~ bubbles induced in lower pH microenvironment in tumor will be mostly dissolved in blood or interstitial fluid, resulting in the majorly suppressed inertial cavitation (bubble explosion); (e) Color Doppler ultrasound images of panc-1 pancreatic xenograft solid tumor before (left) and after (right) treatment with US+HMSN-LA-CO~2~ for 1 h, respectively.](thnov05p1291g006){#F6}

![Ultrasound-induced enhanced uptake of HMSN-LA-CO~2~ by panc-1 cells and temperature elevations *in vivo*. (a) Bio-TEM images of panc-1 cells treated with HMSN-LA-CO~2~ (left) and US+HMSN-LA-CO~2~ (right), respectively, scale bar: 2 μm. (b) Bio-distribution of Si element in main organs (heart, liver spleen, lung, kidney and tumor) of panc-1 pancreatic tumor-bearing nude mice treated with US+HMSN-LA-CO~2~after 4 h, 8 h and 12 h. US-1: before injecting HMSN-LA-CO~2~ (0.1 ml, 15 mg/ml), the nude mice was radiated by ultrasound, and the irradiation method is pulsed (irradiation time is 15 s, the interval is 60 s and the cycle number is 6). US-2: repeated US-1 for 4 times, one occurred before injecting HMSN-LA-CO~2~ and the other 3 times occurred at the beginning of each hour after injecting HMSN-LA-CO~2~. (c,d) Temperature variations of panc-1 pancreatic xenograft solid tumor during pulsed ultrasound irradiation (15 s duration, 60 s interval, 20% duty cycle, 12 cycles and 1.0 W/cm^2^ power density) *via* infrared imaging devices. (c) Thermal infrared images of temperature distributions before (a~1~-a~12~) and after (b~1~-b~12~) each cycle of ultrasound irradiation with a interval of 60 s; and (d) the maximum temperature at starting and end points of each cycle of ultrasound irradiation.](thnov05p1291g007){#F7}

![*In vivo* molecular biological characterizations of isolated panc-1 pancreatic xenograft solid tumor*via* P53 protein expression measurement, CD34 immumohistochemical staining and tunnel immunofluoresce nce staining. (a,b) Effects of our pH/temperature dual-responsive CO~2~ nanobomb system on the expression of P53 protein determined by western blotting analysis, wherein (a) represents the protein bands of isolated panc-1 pancreatic xenograft solid tumor after treated with different groups (a~1~: control, a~2~: US, a~3~: HMSN-LA, a~4~: HMSN-LA-CO~2~, a~5~: US+HMSN-LA-CO~2~), and (b) is the quantitative relative P53 protein expression values *via* comparing their corresponding gray values of P53 with standard protein, actin bands; (c,d) Effects of our pH/temperature dual-responsive CO~2~ nanobomb system on destroying vessels in isolated panc-1 pancreatic xenograft solid tumor, wherein (c) shows the optical microscopic images (200-fold) of isolated panc-1 pancreatic xenograft solid tumor treated with different groups after CD34 immumohistochemical staining, and (d) gives the quantitative IOD values of the images in (c) determined by Image pro-plus 6.0 software. Notes: IOD value is positively proportional to the density of vessels. (e~1~-e~6~) Confocal images of apoptotic cells after treatments with different groups: control (e~1~), US (e~2~), HMSN-LA (e~3~), HMSN-LA-CO~2~ (e~4~) and US+HMSN-LA-CO~2~ (e~5~) *via* tunnel immunofluorescence staining, and green represents the apoptotic cells; (f) Quantitative relative apoptosis deriving from e~1~-e~5~ with control group as the base.](thnov05p1291g008){#F8}
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